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Abstract

A total of 151 full- size structural
flakeboard panels constructed from
forest logging residue and
subpanels and small specimens cut
from some of these panels were
subjected to several nondestructive
tests including two different types
of stress waves. Small specimens
from 65 of the panels were tested to
destruction to determine the
different types of strength
properties of the structural paneis.
Some of the nondestructive
properties were highly correlated
with each other, particularly when
measured on the same specimen;
others were somewhat less well
correlated. Correlations between
destructive and nondestructive
properties tended to be only
moderately good when the
nondestructive property was
measured on the destructive
specimen, and poorer if measured
on a larger piece from which the
destructive specimen was cut.
Results should be of interest to
particleboard material scientists
with particular interest in
nondestructive testing and to
standards writing committees.
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Background and Introduction

A good nondestructive test method
will enhance the quality and use of
particleboard as an engineering
structural material. Burmeister+3)
and iater Pellerimand Morsehauser
(6) demonstrated in limited ways
that Aordustructive stress-wave
tests could aid in predicting
strength properties of particleboard.
Based on the Peterin-Morschauser
research, stress-wave equipment
has been introduced n a few
particleboard plants to maintain
quality control. Further gains will be
made in the acceptance of stress.
wave testing and other testing
methods for particleboards as their
relationships to strength become
better known. _

'"Maintained at Madison. Wis., tn couperation
with the University of Wisconsin

Wralicized numbers in parentheses refer tc
literature cited at the end of thus report

Further study of the probiem came
about when the Forest Service set
out to demonstrate that forest
residues could be used to make a
good quality structural flakeboard
suitable for house roof and floor
sheathing. To evaluate the
flakeboard made from forest
residue, 151 four- by eight-foot
paneis were made on a commercial-
type 4- by 20-foot single opening
press. Sixty-five of these were used
for making the smaili ASTM standard
tests (7. 2). while others were used
in assemblies for wall racking and
fire testing (5).

in addition to the ASTM standard
strength tests. tests with
compressional stress waves,
ultrasonic or impact (4), were
conducted on full panels and on
subpanels and small specimens cut
from the full panels. Each full panel
was also subjected to a sag bending
test. This report describes and
examines results of several

nondestructive tests of particie-
board, emphasizing correlations
among the nondestructive and the
standard destructive tests.

Panel Processing

The 151 full-size 4- by 8-foot panels
were stored at 73° F and 50 percent
relative humidity (RH) for moisture
conditioning. Full-panel testing then
began with measurement ot physical
dimensions. weight, panel sag under
own weight, and transit time for
impact and ultrasonic stress waves
on all 151 panels. Thirty-one of the
panels not designated for smail-
specimen tests were cut into pairs
of 4--by 4-foot half panels. Except
for the sag test the above
measurements also were made on
these halt panels.

Each of the 65 full panels
designated for small-specimen tests
was cut as shown in figure 1. Each
panel was first crosscut into four




equal 2- by 4-toot quarter panels.
Except for the sag test. the farge
panel-type measurements then were
made on each quarter panef. The
tour quarter panels from each of the
65 tult-size panels were then
designated at random for a
concen'rated (oad puncture test.
standard small-specimen tests, an
impact test, and morstute properties
tevaluated in another study).

Quarter paneis designated for the
standard smali-specimen tests were
cut into twelfths, three equal 16- by
24.inch twelfth panels. The full
panel-type measurements were than
made on all these. except the sag
test. The three tweltty paneis cut
trom each standard smail-specimen
quarter panel were then randomly
assigned to one of the following
standard strength property groups.
static bending, rad, and mteriaminat
shear, nad, ball impact. and
hardness, ptate shea:.

The tweltth panels were cut into the
standard small specimens. All ot
these standard small specimens and
alt the quarter panels designated for
puncture and impact! tests were
stored at 737 F. 65 percent RH for
conditioning prior to strength
testing. Dimensions, weights, and
stress-wave times as welf as the
destructive specimen properties
were then measured on the small
specimens and the puncture and
impact quarter panels.

An outline summarizing the various
nondestructive measurements made
on each type of specimen 1s shown
in table 1.

Nondestructive Testing
Procedures

Weight and dimensions of each
panel, subpanel, and small
specimen were measured. Thickness
was measured to 0.001 inch with a
dial gage having 3/8-inch-diameter
contacting surfaces to insure
bridging gaps between panel
surface flakes. For full, haif, quarter,
and twelfth panels and plate shear
specimens, the thickness was
measured at tour panel points—
about 2 inches in from each edge
near the center of each side. Length
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Stress-wave time
Specimen type Weight Length Width Thins. Uitrasonic Impact Sag

Full panet X \
Halt panel X AN
Quarter panel » *
Twellth pane! AN X
Panei shear

1534 hy 1534 AN \
Static bending

by 14 X X
Raul shear

312 by 10 \ \
Na

3by 7 X X
Ball impact

758 by 758 X X
Hardness

by 6 X X
Interlaminar sheat

2py 6 X X
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'Long axis of the specimen comcident wilh the dalong panel direction

‘Lang axis of the specimen comcident with the across panel duechion
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and width were measured along the
panei centerlines. For the 14- inch-
long bending and 10- inch-long rail
shear specimens, thickness was
taken as the average of thickness
measurements at the center and at
about 2 inches in from each end.
For the remaining smail-specimen
types. thickness was measured only
at the specimen center.

For treated bending and nail
spectmens (water-soaked or aged).
weights and dimensions used here
are based on betore treatment data.

Full-panel sag measurements (fig. 2)
were based on supports spaced 95
inches apart. The yoke with the dial
gage attached was zeroed in the
vertical orientation shown in figure 2
on the milled surface of a new
testing machine. While pertect
zeroing could not be assured,
zeroing was felt to be sufficiently
close to allow three significant digit
accuracy in the panel sag test (all
panels were expected to sag more
than 1 in.). Panel sag was measured
as shown and aiso with the panel
inverted to account for any inherent
panel warpage. Taken as the
average of these two measurements,
sag was only determined for the full-
size panel in the orientation shown;
sag tests would be 1ess accurate on
smaller spans.

Compressional stress-wave transit
times were always measured along
a centerline. For the impact waves,
the panei or smaller specimen was
placed in a clamp attached to a
solenoid-operated impactor. An
accelerometer was mounted on that
clamp to signal the microsecond
timer to start when an impact was
induced (see later discusston on
timing bias under Results — Bias in
Impact ). Another accelerometer
was clamped | inch in trom the
panel or specimen edge opposite
the impactor to signal the timer to
stopr as the stress wave reached
that point. The transit time tor any
one test was taken as the average
time for three successive impact
measurements. The impact timing
test setup with a haif panel is
shown in figure 3.

For the ultrasonic tests, a
40-kilohertz transducer and matched

Figure 2.— Full-panel sag test setup. Bar supports and detiection yoke
dare on a 95unch span. Impact and ultrasonic stress-wave
devices are shown to the ieft of the panel

(M 144 039)

Figure 3 —Impact stress-wave test setup with a 48- bv 48.nch hait
panel. The solenoid-operated impactor 1s clamped to the far
side of the half pane! while the "stop’ accelerometer is
clamped to the near side. Timing instrumentation is contained
in the larger box on the table. The ultrasonic timer and
transducers are to the right of the impact timing meter

(M 144035 1




recetver were held to the opposite
edges of a panel, subpanel, or small
specimen Puises from an ultrasonic
timer activated the transmitter at
about 0 1-second intervals and the
timer sensed the recewver transducer
10 determine stress-wave transit
time The ultrasonic timer and
transducers are shown to the nght
ot the impact timing meter n

tigure 3

Nondestructive Property
Calculations

Unit stress wave hime (1), either
uitrasonic or impac!. was calcutated
from

o= b (m
where 118 i migroseconds per inch
WS i when s the stress wave
transit distance in mnches and s
the transit time .0 s, o practice. €
Was the panet or specimen
dimensior i the timing direction
wiheo the ultrasonic device was
gsed and 1neh fess than that when
he nmpact device was used

o compansor of the smaller
subpanels with those cut from the
larger subpanels. or panels. umit
stress-wave times for the smaller
subpane:s were determined by

o (EhL (2
whien the transit distance of the
smahier deces was a subdivision of
the arger prece (©.¢.. the atong-
pane! direction in the hatt paneis for
comparison with the along-panel
direction n the full panel, or the
across-panel direction in the
twelfth panels tor comparison with
the across-panel direction in the
quarter panel) or by

o= (2 tihfin 3)
when the transit distance was the
same \e.Q.. the across-panel
direction 1n half panels with n = 2
for comparison with the across-
panel direction of the tull panet).

Modulus ot elasticity (E) based on
stress-wave data was calculated
according to the tundamental
equation
E = pc?

where p is density and ¢ I1s stress-
wave speed. The actual equation
used was

E.. = 1.4977 D (\/ry (4)

which yields £ in 10°* pounds per
square inch {ib/in.?) when density (D)
is in pounds per cubic foot (Ib/ft’
including moisture content), and 1 is
IN uSHn.

Modulus of etasticity from the sag
test was based on the assumption
that the panet was uniformly loaded
over its tull length, with the uniform
load based on the panel’s density
The actual equation used was

Eaa = 8627 (10 ) DLUT) (50

which yields £ in 10® Ib/in.? where D
s as given above. L 15 panel iength
in inches. T is panel thickness in
inches, and ¢ 1S the deformation of
the panel center in inches due

to sag when spanning 95 iriches
between supports (fig. 2i.

Equation (5) does not account for
shear detormation. Presumably.
shear detormation would be
relativeiy small because ¢t the laro
span-to-depth ratio.

Where apphcable stiftness was
carcutated as the imposed foaa i
pounds divided by the resuitant
detormation in inches, with stifingss
having the units Iban as for a
spring. Shifiness so catcutated could
serve as a nondestructive property f
all panels were of uniform and nqud!
thickness. Otherwise a form ot E
which refiects thickness variation
would be more appropnate For the
concentrated load tests on the
quarter panels, however. £ would
be difficult to calculate as the
relative flexural stiffness in along-
panel and across-panel directions,
modulus of rigidity, and Pcisson’s
ratios must be known (7.
Consequently, as flexural E is
inversely related to the cube of
thickrness, a unit stitfness (US) was
calculated for the quarter-panel
concentrated load tests trom

Us = 300/T'3) (6)

where US has the units Ib/in* with T
as abuve and ¢, the deformation in
inches, measured relative to the
subpanel supports due to the
300-pound load.

The thickness used in equations (5)
and (6) and for all density
calculations was the average value

of the four thickness measurements
per panel, subpanel. or plate shear
specimen or the single value for
each smaller specimen.

For density comparisons ot smalicr
subpanels with the larger subpane
or panel from which each was cut
density for the smaller subpane's
was calculated as the sum of
subpanel weights divided by the
sum of subpane! valumes

Results

Because this study 1s directod
toward evaluating properties
measured nondestructively and
potentiatly useful tor precictng
strength properties. the man
phasis witl be on hiva wen
destructive and nondestructive
properties relate These
reiationships wi'l be (rscussed
termis of cotreiation coeftiuients,
et 15, POw W aestracine
property correiates with

pandestruC ive praderty oo g simpes
1RESSION Ataa sis THe s e
Hned; "ugressior e apine e
be adequate, Ddase o atla | oie

Panel thickneas a1t cena ty o

mcigded (i thes rerutt ss U ey dre
1EpOrtANt properties denconsled o0
the randestruct e and oo toot o
tests. FOr redader comven oo

subpane. and setad e
regress-on gata are sarmdany
the gppendix Qther me. haricd
property data may be found n
reterence 5

Thickness

The thickness measuremernts oy
15 small-specim n types cut
cach of the 65 tupiet twetth paros
were subjected 1o an analys.s o
vanance (o derynstrate within ana
between panel var:ation Thichness
averaged 0.509 inch over all 970
specimens. The estimated vanance
for thickness was 0.000157%
(standard deviation ot 0013 in)
between panels and ¢ 000077
(standard deviation of 0.008 in)
within panels. Thickness ranged
between 0.47 and 0.54 inch tor pangl
averages and 0.46 and 0.56 inch for
individuat specimens. As will be
seen later, the vanation in thickness
had a significant etfect on the

rom




correlations between destructive
and nondestructive tests.

Density

As with thickness, the density data
(weight and volume at 65 percent
RH) on the 15 small specimens per
panet were subjected to an analysis
of variance. Density averaged 45.3
ib/ft? over all 975 specimens. The
estimated variance for density was
4.44 (standard deviation of 2.1 Jb/ft?
between panels and 4.64 (standard
deviation of 2.2 Ib/ft?) within panels.
Density ranged from 41.1 to 51.3
ibift* for panel averages and from
36.6 to 56.4 ib/ft? for individual
specimens.

Unit Stress-Wave Time (1)

As shown in table 2, + averaged
about 8.6 usfin. along the full panel
and 9.5 usfin. across the full panel
by the ultrasonic method and
slightly higher by the impact
method. Because ultrasonic t
decreased somewhat with a
decrease in timing distance (table 2
and fig. 4), and because there seems
to be some bias in impact 1 as
discussed below, an analysis of
variance of r was limited to
ultrasonic t and to smaller
specimens of about equal length.

For the along-panel direction,
ultrasonic t data on nail (2
specimens per panel), ball impact,
hardness. and interiaminar shear
specimens, all 6 to 7-1/2 inches long,
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Figure 4.—Unit ultrasonic time (1) as a
function of measuring
disfance. Numbpers
correspond to reference
numbers in table 2 and
identify the specimen type.
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Table 2.—Average resuits for unit stress-wave time (1}’

Specimen type

Along panel Across ~anel  Ret.
replications Uitrasonic Impact Ultrasonic impactNo. *

uslin. uslin. uslin. uslin.
Full panel 151 8.60 8.80 9.51 978
Fuil panel 31 8.62 8.87 g9.52 9.88
Malf paneis? 31 8.42 8.79 9.48 9.88 1
Full panel 65 8.57 8.80 950 9.80 2
Quarter panels* 65 8.12 8.80 947 985 3
Quarter panet 65 8.15 8.80 9.48 9.86 4
Twelfth panels 65 8.09 8.74 8.74 9.71 5
Tweitth panel 65 8.13 8.77 8.83 9.80 6
Plate shear 65 7.95 8.74 8.83 9.76 7
Tweitth panel 63 8.08
Ball impact 63 7.55 8
Twetfth panel 65 8.08 8.70 9
Hardness 65 774 10
Nail. along panet. wet 65 7.78 11
Nail. across panel. wet 65 8.1 1
Nail. along panel. aged 65 773 12
Nail. across panel, aged 65 8.06 12
Tweltth panel 65 8.07 8.72 870 966 13
Bending. along panel 65 8.08 8.92 14
Bending. across panel 65 8.66 963 14
Bending. along panel. wet 65 797 8.81 15
Bending. across panel, wet 65 8.63 9.75 15
Bending. along panel. aged 65 8.04 8.87 16
Bending. across panel. aged 65 8.63 963 16
Rail shear 865 7.78 17
Interlaminar shear 64 7.64 18

Number of

'Based on properties betore any treatment of bending or nail specimens

‘Numbers used 10 1dentify data in figure 4

‘Oata represent both half panels per tull panel

“Data represent all four Quarter paneis per tull pane)

*Data represent atl three twelfth panels per single quarter panel per full panel.

were subjected to an analysis of
variance to indicate within and
between panel variance. Ultra-
sonic T averaged 7.68usfin.

for the 325'specimens. The
estimated variance was 0.04168
{standard deviation of 0.20 us/in.)
between panels and 0.07241
(standard deviation of 0.27 usiinl)
within panels. For those small
specimens, ultrasonic 1 ranged
from 7.2 to 8.4 usfin. for panel
averages and from 6.2 to 8.7 usfin.
for individual specimens.

For the across-panel direction. the
analysis of variance was made on
the across-panel ultrasonic data for
the three twelfth panels, three
bending specimens, and the plate
shear specimen, all having a transit
distance of 14 to 16 inches.
Ultrasonic r averaged 8.71 usiin. for
those 455 specimens. The estimated
variance was 0.09134 (standard
deviation of 0.30 us/in.) between

panels and 0.06380 (standard
deviation of 0.25 us/in.) within
panels. For those specimens,
ultrasonic t ranged from 8.2 10 9.4
us/in. for panel averages and from
7.7 to 10.3 usfin. for individual data.

Bias in Impact r's. — Impact

T's apparently lacked the variation
with transit distance demonstrated
by ultrasonic t's (table 2), but this
may have been a result of testing
technique. The impact stress wave
was actually timed from a point
within the steel gripping clamp
rather than at the edge of the
specimen as was done with the
uitrasonic stress wave. Thus. each
impact stress-wave measurement
should have a more or less constant
positive time bias. Differences
between ultrasonic + and impact 1
averages (table 2) can be accounted
for by a random 3- to 10-us timing
bias for the impact method.
Because of the timing bias, the




analysis presented from here on
was based on the ultrasonic
measurements, except for some
correlations that immediately follow.

Correlations Between Timing Types
and Panel Directions Within
Specimens.—Based on
measurements made within the
same specimen, and for the same
panel direction, the two types

of t's (ultrasonic versus

impact) were relatively well
correlated in quarter-sized panels or
larger (table 3, R > 0.90), but were
only moderately well correlated in
the smailer sized plate shear
specimen (R as low as 0.76).

On the other hand, alike t's (table
J) in the along- versus across-panel
directions were relatively poorly
correlated (R ranging between 0.26
and 0.65), implying that the across-
panel properties may not be very
predictable from the along-panel
properties in the type ot tlakeboard
used in this study.

Correlations Between Small
Specimens, Panels, and
Subpanels.—The correlation
coefficients shown in table 4
suggest relatively good relations for
uiltrasonic r between full panels,
quarter panels, and twelfth panels
(R = 0.81). The correlation
coefficients for ultrasonic t
between the small specimens and
the subpanels or paneis from which
they were cut tended to be poor to
moderate (R’'s ranging from 0.23 to
0.77); the better correlation
coefficients tended to be associated
with the longer specimens (plate
shear, rail shear, and bending) and
the poorer with the shorter
specimens (hardness, naitl. and
interlaminar shear). Correlations of
small specimens with quarter panels
or twelfth paneis were
approximately the same, but were
poorer with the large panels.
Correlation coetficients generally
tended to be better for the across-
panel direction than for the along-
pane! direction.

Modulus of Elasticity

Calculated from unit uitrasonic
siress-wave time and density data,
ultrasonic modulus of elasticity (E)

Py

Table 3.~Correiation coetficients between types ot unit stress-wave time data’

Full

Type panel
Along panel

Uitrasonic versus impact 0.93
Across panei

UHlrasonic versus impact 9
Ultrasonic

Along versus across .50
Impact

Along versus across 47

Half Quarter  Twelfth Plate

panel panel panel shear
0.97 0.90 0.90 0.76
96 .98 .84 84
— 52 .65 .26
— .34 .50 .30

'Each number based on 65 paired values, half-size panel numbers based on 31 paired

values.

Table 4.—Correlation coefficients between specimen types for unit ultrasonic time' ¢

Full panel

Along Across
panel  panel

Specimen type

Quarter pane} 0.92 0.93
Twelfth panel 81
Plate shear .60 61
Ball impact 61
Hardness .36
Nail, wet .23
Nail, wet .43
Nail, aged .32
Nail, aged 47
Bending .48
Bending .60
Bending, wet 62
Bending, wet .64
Bending, aged .48
Bending, aged £8
Rail shear .60
Interlaminar shear .54

Tweifth panel
Along Across

Quarter panel
Along Across

panel  panel panel  panel
0.88 0.94
.59 .68 0.77 067
52 .70
.51 .47
.32 .48
.54 .58
.37 45
.61 65
.55 .58
67 62
73 69
77 77
.57 60
72 85
69 73
.46 55

‘Each number based on 65 pairea values: ball impact numbers based on 63 paired vaiues and

intertaminar shear numbers on 64.

?Data taken prior t0 any wetting or aging of nail and bending specimens

in 10° Ib/in.? averaged between 0.92
(full panel) and 1.18 (interlaminar
shear specimen) for the along-panel
direction and between 0.75 (full
panel) and 1.06 (nail specimen
before aging) for the across-panel
direction (table 5). Averages in table
5 show an increasing trend in E
with a decrease in specimen stress-
wave timing distance for both aiong
panel and across-panel directions
That trend, however, 1s consistent
with the decreasing trend of unit
ultrasonic time noted earlier.

An analysis of variance was made
for ultrasonic E but was limited
similarly to that for

ultrasonic r. For

the 325 ball impact, hardness,
interlaminar shear, and nail (2 per
panel) specimens, all 6 to 7-1/2
inches long, ultrasonic E along
the panel direction averaged

1.16(10°%) Ib/in.? Estimated variance
was 0.00924 (standard deviation of
0.10(10%) Ib/in.?) between panels and
0.01115 (standard deviation of
0.11(10%) Ib/in.?) within panels. The
along-panel ultrasonic E of those
small specimens ranged t-om 0.89
to 1.41(10%Ib/in.? for panel averages
and from 0.77 to 1.80(10%) tb/in. for
individual specimens.

Analysis of variance for the across-
panel direction was made on tte
three twelfth paneis, three bending
specimens, and the plate shear
specimens, all based on across-
panel lengths of 14 to 16 inches. For
those 455 specimens, the across-
panel ultrasonic E averaged 0.90(10°)
Ibfin.2. The estimated variance was
0.00686 (standard deviation of
0.08(10°) Ib/in.?) between panels and
0.00448 (standard deviation of
0.07(10°) Ib/in.?) within panels. The

el




across-panel ultrasonic E ranged
from 0.74 to 1.07(10°) Ib/in.2 for panel
averages and 0.61 to 1.29(10°) Ibfin.2
for individual data.

Correlations Between Panel
Directions Within Specimens.—
Correlation coefficients relating
along-panel to across-panel
ultrasonic E’s for 65 data sets each
were 0.49 for full panels, 0.64 for
quarter panels, 0.70 for twelfth
panels, and 0.68 for plate shear
specimens. These are generally
better than the similar correlations
for ultrasonic 1 (table 3.) Even so,
these moderate correlations suggest
that across-panel properties will not
be predicted very closely by along-
panel ultrasonic E.

Correlations Between Small Speci-
mens, Panels, and Subpanels.
—Ultrasonic E correlations between
small specimens and the twelfth
panel from which they were cut
| (table 6) were moderate to good (R
= 0.56 to 0.87). These correlations
were all better than the same
comparisons for ultrasonic r (table
4), indicating an improvement due to
accounting for density differences,
but also thickness because the
density calculation involved
thickness. On the other
hand, ultrasonic E correlations
between small specimens and the
full panels were poor to moderate (R
= 0.22 to 0.57) and were generally
iower than the comparable
correlations for ultrasonic .

Comparison of Ultrasonic and Sag
E.— Sag E, as measured on all 151
full panels, averaged 0.88(10¢% Ibfin.2,
or about 96 percent of the average
full-panel ultrasonic E in the along-
pane! direction. Sag E reflects
along-panel stress-strain response.
The coefficient of variation was 8.3
percent, a value somewhat higher
than the 5.7 percent observed for
the comparable ultrasonic E. The
larger variation in the sag E is
probably due in part to the variable
panel thickness noted earlier. Sag E
depends on thickness cubed,
uitrasonic E depends on thickness
to the first power.

The correlation coefficient between
sag E and ultrasonic E along the full

-
’r\

Table 5.—Average of resuits for uitrason

elasticity’
Specimen type Number of Along Across
specimens  panel panel

----10° Lbfin.2---

Full panel 151 0.92 0.75

Full panel 65 .93 .76

Twelfth panel 65 1.02 .86

Plate shear 65 1.06 .86

Twelfth panel 63 1.05

Balil impact 63 1.20

Twelfth panel 65 1.05 .90

Hardness 65 1.13

Naii, along panel, wet 65 1.13

Nail, across panel, wet 65 1.03

Nail, along panei, aged 65 1.14

Nail, across panel, aged 65 1.06

Twelfth panel 65 1.04 .90

Bending, along panel 65 1.03

Bending, across panel 65 91

Bending, atong panel, wet 65 1.08

Bending, across panel, wet 65 92

Bending, along panel, aged 65 1.05

Bending, across panel. aged 65 .92

Rail shear 65 14

Interlaminar shear 65 .18

‘Before any wetting or aging.

Table 6.—Correlation coefficients between specimen types for modulus of elasticity’

_Full panel Twelfth panel

Type of specimen ylt(asqnic E Sag E Uitrasonic E
Along Across Along Across

L _panel panel ~____pansl  panel
Quarter panels? 0.65 0.74 0.28 0.81 .90
Twelfth panei? .58 .61 .32 — —
Plate shear .54 .57 19 .87 .80
Ball impact .53 — A5 .78 —
Hardness .36 — .22 .56 —
Nail, wet .38 — .09 .66 —_
Nail, wet .27 A7 .68
Nail, aged .45 .18 .65
Nail, aged .22 .21 .69
Bending .39 .21 .70
Bending .49 .06 .70
Bending, wet .45 .30 .79
Bending, wet .54 .04 81
Bending, aged .38 19 .7
Bending, aged .51 .03 .74
Rail shear 51 .45 .85
Interlaminar shear .38 .29 .76

'Each number based on 65 paired values; ball impact numbers based on 63 paired vaiues and inter-

laminar shear numbers on 84.
?Based on one subpanel per panel.

panel was a moderately poor 0.41.
The comparative data are shown in
figure 5. Correlations of smali-
specimen or subpanel ultrasonic E's
with the full-panel E from the sag
test (table 6) were generally poor to
insignificant (R's between 0.03 to
0.45).

Comparison of Static E of Small
Bending Specimens with Ultrasonic
E.—Moduli of elasticity (table 7)

ic modulus of

determined from static-bending
tests of small specimens depended
on panel orientation similar to that
noted earlier for ultrasonic E,
namely that the along-panel
direction had the greater static E.
The static E's averaged considerably
lower than the ultrasonic E's for the
same specimens, however. For the
unaged specimens, static E's
averaged 71 and 76 percent of the
ultrasonic E's in along-panet and
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rigure 5.— Comparison of along-panel

moduli of elasticity data from

sdg and ultrasonic measure-
ments—151 full panels.

across-panel directions,
respectively. The still lower static
E's for the wetted or aged bending

specimens reflect a reduction due to

treatment. Note that ultrasonic E's
were based on before treatment
time, weight, and dimension
measurements and static E's on
before treatment dimensions but on
load-deflection diagrams atter
treatment. Had static E's been
based on after treatment
dimensions, the average values for
treated specimens would have been
lower than those listed in table 7
due to thickness swelling.

Static E's had higher coefficients of

variation than ultrasonic E's of the

same specimens. The coefticients of
variation for static E (table 7) ranged

between 13 and 19 percent
compared to 11 to 12 percent for
ultrasonic E of the same bending
specimens. As noted for sag E
above, static E is also dependent on
thickness cubed which may expiain
why it was more variable than
ultrasonic E.

Correlations between static £ and
ultrasonic E tor the small bending
specimens (table 7) were moderately
good (R's ranging from 0.70 to 0.85
depending on treatment type).
Correlations of small bending-
specimen static E's were generally
not as good with twelfth-panel or
full-panel ultrasonic E's as with the
smail bending-specimen ultrasonic
E's.

Evaluation of Concentrated Load
Tests on Quarter Panels

As shown in table 8, concentrated
load test results on the quarter
panels correlated only moderately
well with quarter-panel ultrasonic E
(R's from 0.54 to 0.74) but only
poorly at best with fuli-panel uitra-
sonic E (R's from 0.03 to 0.47). While
a correlation coefticient above about
0.25 is signiticant in a statistical
sense (5 pct level. n = 60), the
correlation coefticient should be on
the order of about 0.5 or greater if a
nondestructive test (NDT) property is
to be given serious consideration as
a predictor of strength. Correlations
of the concentrated load results
with the full-panel sag E. not
tabulated. were even worse in that
none of the R's was significant.

Table 7.—Summary ot small-specimen static-bending modulus of elasticity resuits
and comparisons with uitrasonic moduius of elasticity’

Static-bending E

Unit stiftness was moderatel; well
correlated with ultrasonic € of the
quarter panel (R = 0.72 or 0.74), an
improvement over stiffness that was
uncorrected for panel thickness.
Maximum load in the puncture test,
however, was less well correlated
with the quarter-panel uitrasonic E
(R = 0.61). nor was it improved
much with a thickness correction (R
= 0.64).

Evaluation of Static-Bending
Properties

Correlation coefficients between
maximum {oad or modulus of
rupture (based on betore treatment
dimensions) from the small static-
bending tests and nondestructive
specimen or panel properties are
given in table 9. Correlations were
slightly better for modulus of
rupture than for maximum load. as
modutus of rupture is corrected for
thickness. In general, the destructive
properties were best cor-efated with
small-specimen static-bending E (R's
from 0.62 to 0.89). Correlations
tended to be better with ultrasonic E
than with either ultrasonic 1 or
density. Also, correlations tended to
be better with the smalier sized
specimen properties than with the
larger sized panel properties of the
same NDT kind. An example of the
decreasing trend in correlation 1s
shown in figure 6 for modutus ot
rupture ct untreated specimens
versus ultrasonic E. The results ‘or
the across-panel direction in
untreated bending specimens are an
exception in that the correlations

Correlation coefficient—static E
versus ultrasonic E of

Bending-specimen Bending Twelfth panel Full panel
type Average  Coefficlent specimen
of
variation Along Across Along Across Along Across
panel psnel panel panel panel panet
10* Lbfin.? Pct
Unaged, along panel! 0.73 16.7 0.80 0.69 0.46
Unaged. across panel .69 16.5 0.73 0.63 0.55
Wet, along panel? .55 191 .70 .76 852
Wet. across panel? 49 18.9 78 .64 56
Aged, along panei’ .68 12.8 .85 587 27
Aged, across panel® 81 14.8 .83 .68 .42

‘Each number based on 65 paired values

'Based on dimensions before treatment.
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Table 8.—Results for concentrated load tests on quarter panels

Concentrated toad test

Stiftness (3-in. diam.)
Unit stiftness (3-in. diam.)
Stiffness (1-in. diam.)
Unit stittness (1-in. diam.}
Puncture load

Puncture load/thickness

tended to be better with twelfth-
panel ultrasonic E's than with the
bending-specimen ultrasonic E's.

The small-specimen destructive
properties correlated poorly at best
with the full-panel NDT properties
(R's from 0.03 to - 0.49). This is
particularly evident in correlations
with density and sag E.

Correlations for the wet or aged
bending specimens were very
similar to those for the unaged
bending specimens.

Evaluation of Internal Bond
Correiation coetficients between
internal bond (from untreated static-
bending specimens) and non-
destructive properties are given in
table 10. Except for sag E. better
correlations were obtained between
internai bond measured on
specimens cut from aicng-panel

‘alic-bending specimens and the
along-panei NDT properties than
between internal bond measured on
specimens cut from the across-
panel static-bending specimens and
the across-panel NDT properties.
For all practical purposes. however,
almost all of the correlation
coefficients were poor or
insignificant.

The negative correliations listed for
the across-panel direction do not
make sense. as they imply that
internal bond decreases as
ultrasonic E increases. However.
only the —0.25 correiation
coefficient is significant (5 pct level)
in the statistical sense. Even so,
such supposedly significant results
can be expected to occasionally
occur by chance alone.

Correlation coefticient with
along-pane! Ultrasonic E

Quarter panel Full panel
0.54 0.03
72 .30
5 .06
74 32
.61 42
.64 47

Evaluation of Interlaminar Shear
Properties

Correlation coefficients between
interlaminar shear and NDT
properties are given in table 11.
Shear strength was best correlated
with small-specimen shear modulus
(R = 0.8) and next best with either
ultrasonic E of the tweltth panel or
density of either the shear specimen
or twelfth panel (R = 0.6). Shear
stiffness and shear modutus were
best correlated with small-specimen
density and twelfth-panel density or
ultrasonic E (R = 0.7). Correlations
of shear properties with the full-
panel properties were mediocre to
insignificant, particularly tor density
and sag E.

Evaluation of Rail Shear Properties
Correlation coefficients between rail
shear and NDT properties are given
in table 12. Correlations were
slightly better for shear stress than
for shear load. The shear properties
were moderately weli correlated with
ultrasonic E or density of the shear
specimens (R about 0.6) and with
the twelfth-panel ultrasonic E (R
about 0.54). Correlations with sag £
and density of the full paneis were
insignificant.

Evaluation of Nail Properties
Correiation coetficients between
nail-resistance properties and NDT
properties are given in table 13. Nail-
resistance properties were generally
best correlated with nail-specimen
density (R's from 0.37 to 0.70). or
with twelfth-panel density (R's from
0.29 to 0.70). bu! tne few
correlations run with full-panel
density were not significant.

In general, correlations of nail
resistance with ultrasonic E of the

nail or twelfth panel were rather
mediocre, but somewhat better than
the poor-to-insignificant corretations
with uitrasonic 1 of the same
specimen types. Correlations of nail-
resistance pro,erties with fult-panei
NDT properties were poor to
insignificant, particularty for sag E

Evaluation of Ball Impact Properties
Correlation coefficients between the
height of drop to first crack or to
failure in the ball impact test and
NDT properties are given in tabie 14.
The correiation coetficients for
failure were only moderately good at
best (R about/0.60/). with about the
same result for ultrasonic r as for
ultrasonic E: the correlations were
generally improved by correcting for
specimen thickness. Correiation of
failure under impact with fuil-panel
sag E was insignificant and all of
the correiation coefficients for first
crack under impact were
insignificant. Also, there was very
little correiation between the first
crack and failure (R = 0.47).

Evaluation of Hardness Modulus
Correlation coefficients between
hardness modutus and NDT
properties are given in table 15.
Hardness modulus was best
correlated with density of the
hardness specimen (R = 0.87).
Correlations with specimen
uitrasonic E or with twelfth-panel
density were only moderately gooc
(R = 0.6) and with full-panel densitv
insignificant. Correlations with
ultrasonic 1 or with any of the tull-
panel properties were poor to
insignificant.

Evaluation ot Plate Shear Properties
Correlation coefficients between
plate shear and NDT properties are
given in table 16. in general. better
correlations were obtained for piate
shear modulus than for plate shear
stiffness. perhaps because plate
shear modulus corrects for
thickness. Shear modufus was best
correlated with density or ultrasonic
E of the plate shear specimen (R =
0.8). It was also well correlated with
twelfth-panel density or uitrasonic E
(R = 0.7) but poorly with full-panel
vitrasonic E (R = 0.44). Correlation
coefficients with full-panel sag E
were insignificant.

IR
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Table 9.—Summary 0! correlalions between static bending and nondestrudtive properties”

Correlation coetficient

Specimen type  Property- Along panel Across panel
Maximum Modulus of Maximum Modulus of
load rupture’ load rupture’

UNTREATED BENDING SPECIMENS

Static bending Density 054 0:2 Va2 0 44
Uitrasonic + - 56 - B 35 -4
Ultrasonic € 67 75 52 60
Static E \ 71 82 62 T2
Tweltth panel Density 35 48 41 45
yitrasenic 1 - 45 — 44 56 54
Ultrasonic E 63 54 o4 67
Full panel Density A 14 15 07
Uitrasonic « - 23 28 - 42 49
Uitrasonic E 25 30 39 48
Sag E 22 20 ¢ 08
WET-TREATED BENDING SPECIMENS
Static bending Ultrasonic E 067 039 077 0.8¢
Static E 69 79 79 39
Tweltth pane! Uttrasonic E 64 39 68 70
Fuli panel Ultrasonic & 20 29 39 48
Sag E 12 15 10 12
AGE-TREATED BENDING SPECIMENS
Static bending Ultrasonic E U.64 0.75 0 59 068
Static E .8Q 87 78 84
Tweltth panel Uitrasonic E .45 .55 58 62
Full panel Uttrasonic E A7 .28 33 44
Sag E .03 .03 10 T
Mavmum load and modulus of rupture compared to the tisted properties
‘Each number based on 65 paired values
‘Based on dimensions betore any treatment
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Figure 6 ~ Correlations of modulus of rupture for untreated static-bending spectmens with uitrasome E—atong-pane! giracticr E18
taken from (A) static-bending specimen, (Bjtwelfth-panei specimen. and (C) tull-panel specimen
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The negative correlation coefficient Table 10.—Summary of correlations between internal bond and

detween shear stiffness and tull- nondestructive properties’

sanel density (R = - 0.30), while

statistic_ally significan} (5 pct level), Specimen type Property Correlation coefficient
makes little sense as it suggests Along panel Across panel
that shear stitiness decreases as Static bending Density 040

panel density increases. Jirrasonic 1 - 42

Urasonic E 51 -002 |

Summary and Conclusions Twelfth panel Density 21

- Ultrasonic 1 ~.32
One hundred and fifty-one full-size Ultrasonic € .29 - .06
structural flakeboard panels Eult | b 16
constructed from forest logging ull pane Uﬁ?;;‘oymc , o9
residue and specimens cut from Ultrasonic E 33 _ 25
some of these panels were Sag E 16 35

subjected to nondestructive tests
including ultrasonics and static
bending.

Each number based on 65 paired values

Ultrasonic modulus of elasticity was
greater in the along-panel direction Table 11.—Summary of correlations between interlaminar shear and
than in the across-panel direction— nondestructive properties’
by about 22 percent in the full panel.

Ultrasonic E tended to increase as

the ultrasonic timing distance

decreased, and varied both within Specimen type Property

Correlation coefficient

Shear Shear Maximum Maximum :

and between panels. The along- stitfness  modulus shear shear
panel and across-panel ultrasonic load stress
E’'s determined on the larger pieces Interlaminar shear  Density 0.74 0.75 063 063
were only moderately well Ultrasonic -.38 -.34 - .33 - 33
correlated, suggesting that the g::‘a“;:'%ﬁ 69 66 gg g’? :
along-panel ultrasonic E would not ear modulus :
be very useful for predicting across- Twelfth pane! Density 72 72 60 59
panel properties. Correlations of Uitrasonic r -.51 -.52 - .45 - .44 ‘
ultrasonic E's were generally poor Uitrasonic E 74 72 63 62 ;
between smail specimens and full Full pane! Density 17 20
panels. Ultrasonic - 44 e

Ultrasonic E 41 .44 48 46
Ultrasonic stress-wave time (time Sag E .23 .23 .30 30

per unit transit distance) was
correlated to the same variables as
E. Sensitivity to panel size, test
orientation, and destructive
properties was very similar to that
found with ultrasonic E.

Each number based on 65 paired vaiues

Table 12.—Summary of correlations between rail shear and
nondestructive properties’

Static bending E's of unaged
bending specimens averaged about Correlations coefficient
73 percent of the ultrasonic E's of Specimen type Property

. ] Maximum Maximum
those specimens. Correlations of

ok h > shear load shear stress
static E's of the bending specimens Rail shear specimen Density 0.56 060
with ultrasonic E's were best for the Ultrasonic t -~ .46 - 43
static-bending specimen and least Ultrasonic E .59 62
for the full panels.
P Twelfth panel Density .44 .48
) , Ultrasonic r -~ .45 - .46
Thickness and density were found to Uttrasonic E 53 56
be variable, both within and between
panels, even though all panels were Full panel Density A8
; Ultrasonic - .42
to be made alike. These variations :
Ultrasonic E .45 49
undoubtedly had an effect on the Sag E 19 19

stress-wave properties, as well as on L
the destructive properties. "Each number based on 65 paired values.
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Table 13.—Summary of correlations between nail and nondestructive properties

Specimen type Property’

Static bending Density
Ultrasonic 1
Ultrasonic E
Tweltth panel Density
Ultrasonic 1
Uitrasonic E
Full panel Density
Ultrasonic 1
Ultrasonic E
Sag E

Nail specimen Density
Uttrasonic
Ultrasonic E
Twelfth panel Density
Ultrasonic r
Ultrasonic E

Ultrasonic E
Sag E

Full panei

Nail specimen Density
Ultrasonic 1
Ultrasonic E
Twelfth panel Density
Uitrasonic

Uitrasonic E

Ultrasonic E
Sag E

Full pane!

‘Based on dimensions before any treatment

2gach number based on 62 paired values.

Correlation coefficient

Along panel
Lateral Withdrawal Head pull
resistance resistance through

UNTREATED NAIL SPECIMENS*

0.57

-.1
42 0.28 0.64
.55

-.32
.52 32 .64

16

-.19
.23 33 32
12 .07 .28

WET-TREATED NAIL SPECIMENS*

0.62 0.69 0.60
-.13 -.19 -.14
44 45 53
63 .52 .58
- .47 - .40 -.32
.63 .52 52
.39 .26 21
-.04 .04 .00

AGE-TREATED NAIL SPECIMENS*

0.49 0.45
-.15 - .28
.43 .50
.29 .48
-.21 -.39
.29 .50
.23 42
.08 12

}Correlations with along-panel unit ultrasonic time and uitrasonic E

‘Each number based on 65 paired values.

Corrected for panel thickness,
stiffness of the quarter panels under
concentrated load correlated
moderately well with ultrasonic E of
the same quarter panels but only
poorly with ultrasonic E of the full
panels. Shear modulus for either
plate shear or interlaminar shear
also correlated moderately well with
ultrasonic E of the panels on which
the measurements were made but
only poorly with ultrasonic E of the
full paneis.

12

As a very general observation,
correlations of the various
destructive properties {e.g.. modulus
of rupture, internal bond, shear
strength, etc.) tended to be
moderately good at best with
ultrasonic E of the destructive
specimens themselves; the
correlations were worse with
ultrasonic E of the larger specimens
from which they were cut.
Correlations tended to be less good
with unit uitrasonic time than with

Across panel

Lateral Withdrawal Head pull
resistance resistance through
0.40
-.12
31 0.29 0.41
29
.06
M .34 46
- .13
-0
> .00 .23 * .30
.00 13 .10
0.47 0.70 0.69
-.09 -.03 20
.36 .43 22
50 .70 63
-.38 -.28 -.16
.50 .51 .39
* .38 332 32
.01 .14 -.03
0.44 0.37
- .41 -1
57 .28
.54 42
-.38 -.20
52 32
> .36 > .35
18 - .05

ultrasonic E. Correlations with
density also tended to be only
moderately good at best, except for
a few selected properties such as
hardness modulus which is a
semidestructive test.

Recommendations for Future
Study

While the results of this study
suggest that destructive properties
of this research-type flakeboard




Table 14.—Summary of correlations between ball impact and
nondestructive properties' -

Correlation coefficient

Specimen type Property First crack Failure

Unadjusted Adjusted Unadjusted Adjusted
Bail impact Density [CRSP] 7 036 0.44
Ultrasonic « - 13 MY - 50 - 53
Ultrasonic E 14 19 51 57

Faiture.

unadjusted A7

Twelfth panel Density 30 37
Uitrasonic t - 16 - U 59 62
Ultrasonic E 13 24 50 59
Full panel Density - 24 - 16
Ultrasonic t - .45 - &3
Ultrasonic € 2 13 .34 a7
Sag E 06 a3 - .06 Jh

‘'Each number based on 63 Lared values f ¢ st rack B4 o fa e

‘Unadjusted «mpi.es not correctel fur i+ ThORGS @ nusted L np s ong
thicaness

Ao gty S

Table 15.—Summary of correlation coe!!i_arts between tasdness oGy us
ang nendestryctive properties

Specimen type Property

Haraness Dengity Oe”
Utasorog -
Uttiasomic B %]
Twelftr gane. Dersty B
Uthiase e s - e
Larasonel ¥ ad
Fuil panet Dersity 26
iiiras woT B
hirason:; ¥ K
Sag E oE

"Eact numher basen L5 85 pdired vaues

Table 16.—Summary of correlaticn cos:ficients belween plate shear ana
nondestructive properties’

Specimen type Property Corretation coefficient
Shear stiffness Shear modulus
Plate shear Density .52 0.82
Uttrasomc + - .28 -.41
Uit:asonic E 51 .78
Shear modulus 64
Tweifth panel Density 38 7
Ultrasonic 1 -.20 - .56
Ultrasonic E .32 73
Full panel Density -.30
Ultrasonic + -.09
Uitrasonic E -.02 44
Sag E ~.10 .06

'Each number based on 85 paired values.

Correlation coefficient

generally reiate only moderately well
to nondestructive properties, the
results are based on a quite limited
scope In panel formulations and
specimen sizes. Therefore, this
study suggests two items of major
concern for further nondestructive
testing research on panel products.

1. Where predictive modeis are a
goal, experimental panels should be
made with an extended range of
quality by varying resin content.
press temperature. etc., to simulate
the kinds of paneis that may be
produced when manufacturing
variables run beyond control limits.
The extendec quality shouid allow
tor petter modeiing between
Jestructive ang nondestructive tests
than was poss:hie n this study.

2 T be of practical use ¢ the
‘rangtacturer and user of
HakebOa! d. 1uture Nondestiruc' o
avaluadtions sh.uit u2 Y asew Jo
destruct ve tast STty pare's or
large: feces consistent W th < guse
= S A LA T

SN T s
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Appendix

| The appendix contains data

pertinent to simple hinear

regressicns of the tormy = A +
BX. These data are based on

propeities

Y
Uirdson |

us 0

ohane

Sag B D cpan

Table .. —NOT regressions, each number beset ¢n 85 pared values v

Specimen or
correlated
variable
Uitrasonic ¢
aiong panei

PEHIR

Uttrasonic «
across panel,

Ultrasontc E
along pane'.
107 thin ¢

Ultrasonic E
across panet,
10" ibhn ?

Bending along
panel. 10" ib/in *
‘Bending across
panei, 10" Ibhn.‘

'Unaged specimens

T ACUSy pared,

Letrasomie B across panel,

regressions with corretation
coetticients ot 0.5 and greater.
Caution is advised in the use of
these data. however. as they are
based on a particular type of
expenmentatl tlakeboare The resulits
shculd not be apphed duectiy to
other particleboard or tiakeboard
products as they may yield talse or
unsate predichions of mechanmiCal

Table 17. —NDT regr-ss0ns based oro ata for 10

Vatiables

Ut dsure roaie

uS. N

X

g AN

bitraser.¢ £ atong panel

10 an -

Uitrasonne F a oG paner,

10 han -

Specimen or variable

Y

Piate shear
Piate shear
Bending
Bending
Rast sheas
Rail shear

Bending
Bending

Plate shear
Ptate shear
Bending
Bending
Rail shear
Rait shear

Bending
Bending

Statir E
Static E

X
1712 pane!
14 panal
1.12 pane
1 4 panel
1i12 panel
1/4 pane!

1/12 panel
1/4 panel

1112 panel
74 panel
1112 panel
1/4 panel
1112 panel
1/4 panel

1i12 panel
1,4 panel

Ultrasonic E

Ultrasonic E

Coellicients
A B
| 381
K& 504
A e diX
Coefticients
A B
2.86 0626
378 512
2.80 947
2.83 646
1.3 802
1.40 782
2.14 1.038
212 689
.30 754
31 746
18 812
22 797
- 01 1142
- 03 1160
.20 786
19 970
- .06 775
- 03 789

Standard
error
of ¥

Standard
arrof
anyY
C 14
18

~L
€

22

34
32

048
072
091
105
078
104
u77
077

08

Standaig
deviation
ol Y

Cac

NLEN)

Standard
deviation
of Y
[y
23
1
30
30

43

43

097
097
1‘ 5
126
146
146

107
107

15
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Table 19. — Regressions of selected dest-uctive and NDT propetties
Variables Coefficients Standard Standard
error deviation
Y X A B8 ot Y of Y
Concentrated pungtere T d paneuitrasome B oatong pane
O TR I 1 1 an - (Y 1340 1Hha Ty
Boer o MOR ooy pane b e Specanen gllrasonie o aloagd pdne
s an T A LRI thy R
Sipeomen gitrasota boatong e
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Full-sized flakeboard panels made of logging restdues. and smaii
specimens cut from those panels, were subjected to severat
nondestructive tests including ultrasonic and impact stress-waves
Small specimens were tested to destruction to determine strength
properties.

Some nondestructive ptopertes correlated hughly with each other
particularly within specimens. Correlations between destructive and
nondestructive properties were only moderately good

Keywords: Nondestructive testing. mechanical properties.
ultrasonics, stress-wave. structural fiakeboard, sag bending. forest
residues.
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